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COMMUNlCATlONS 
Yellow-green luminescence from isoelectronic nitrogen centers in GaP 
grown by molecular-beam epitaxy 
J. N. Baillargeon and K. Y. Cheng 
Center for Compound Semiconductor Microelectronics, Electrical Engineering Research Laboratory 
and Coordinated Science Laboratory, University of Illinois at Urbana-Champaign, Urbana, 
Illinois 61801 
(Received 4 December 1990; accepted for publication 6 May 1991) 
Molecular-beam-epitaxial growth of GaP incorporating isoelectronic N traps was achieved 
through coinjection of NH, and PHs which were dissociated into P, and PN fluxes. 
The photoluminescence spectrum of a sample with a N concentration of -2~ 1019 cm - 3 
indicated that the dominant emission wavelength was at 5691 A (2.18 eV), which is 
characteristic of the nearest-neighbor pair transition NNi. The spectrum of a sample containing 
-2X lo*’ cm - 3 N atoms also displayed strong NNt pair luminescence in addition to 
much stronger emission line at 5846 A (2.121 eV), which is believed to be from a local mode 
outside the vibrational band. The peak intensity of this local mode was N 25 times 
greater than the peak emission of the NNi line from the lighter doped sample. 
Since the invention of the first visible semiconductor 
laser diode in 1962 by Holonyak and Bevequa,’ and the 
discovery of the N isoelectronic center in GaP by Thomas 
et aZ.,* much interest has been generated for using the semi- 
conductor as a replacement for incandescent lights, mass 
data storage and retrieval, and electronic imaging and dis- 
plays.3 The In,Gai -Asp1 --y material system is consid- 
ered an excellent candidate for such applications because 
its visible spectrum can adjust from green (2.26 eV) 
through the entire red portion ( - 1.7 eV).4y5 Isoelectronic 
centers such as N have also been studied and are routinely 
utilized in this material system to improve the radiative 
recombination rates in both direct and indirect energy gap 
regions, and for generating tunable spectra devices.6-8 The 
vast majority of the visible light-emitting devices con- 
structed to date though have either been grown by liquid- 
phase epitaxy (LPE) or vapor-phase epitaxy (VPE). In 
the LPE process the solubility of N in the melt limits the 
maximum atomic density that can be incorporated to 
- 3 x 1019 cm - 3, while in VPE material much higher con- 
centrations ( -2 x lo*’ cm - “) required to realize the yel- 
low diode are possible.’ To achieve visible luminescence in 
the yellow-to-green region, semiconductors with even 
larger band-gap energy have to be used. In this paper we 
demonstrate that molecular-beam epitaxy (MBE), using 
PH3 and NH,, is capable of ,producing large band-gap 
III-V compounds such as GaP for yellow-green light emit- 
ting diode applications. 
Epitaxial growth was performed with on-axis (100) 
orientation GaP substrates having a net donor (S-doped) 
concentration of 1 X 1018 cm - 3. Prior to thermal cleaning 
at 640 “C, and growth at 690 “C, the substrates were chem- 
ically cleaned and passivated according to procedures pre- 
viously described.” A description of the growth apparatus 
is also contained within Ref. 10. The epitaxial structure 
consists of an undoped 0.5 ,um, N-free GaP buffer layer, 
followed by a 1.5~pm N-doped layer. The growth rate for 
both layers was 1 ML/s, the PH3 flow rate was 5 seem, and 
the NH, flow rate was varied. The generation N as an 
isoelectronic impurity was achieved by coinjecting NH, 
and PHs through a heated Ta injector. The source respon- 
sible for producing isoelectronic N traps in GaP was found 
to be PN. l1 This dimer is substitutionally incorporated into 
the lattice through the same covalent bonding processes as 
that of P2 and As*.“” The quantity of PN which could be 
generated with fixed PHs flow rate and injector tempera- 
ture is sublinearly proportional to the NH3 flow rate. The 
luminescence properties of the layers were evaluated with 
photoluminescence (PL) spectroscopy, and the atomic 
density of N was determined by secondary-ion mass spec- 
troscopy (SIMS). 
The PL data were obtained using a Spectra Physics 
2025 argon ion laser (simultaneously operating on the 
351.1 and 363.8-nm lines) as the excitation source, and a 
SPEX 1269 Czemy-Turner type monochrometer. The ex- 
citation power density of the laser was 150 mW/cm*. The 
photodetector was a multialkali-type photocathode photo- 
multiplier tube which was thermoelectrically cooled to 
0 “C. Luminescence from N-free samples were on the order 
of the anode dark current of the photomultiplier tube, 
which is consistent with momentum conservation as ap- 
plied to the transition probabilities of an indirect semicon- 
ductor. The only significant emission observed for N-free 
samples was that which corresponded to the direct band 
edge near 2.9 eV. Displayed in Fig. 1 is the PL spectra of 
the sample with a N density of - 2 x 1019 cm - 3. The layer 
was grown with an NH3 flow rate of 2 seem and a Ta 
injector temperature of 975 “C!. The N concentration was 
determined by SIMS using a 2.5 X lOI cm - 3 GaP:N stan- 
dard. The dominant emission line at -2.18 eV (569 1 A) is 
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FIG. 1. The 77-K photoluminescence spectra for a GaP sample with 
-2x 10” cm- 3 nitrogen. The incident UV power density is 150 mW/ 
cm’, and the entrance and exit slits are 50 pm. The dominant emission 
line at 5691 8, is the NN, pair transition. The higher-energy transitions 
are from the NN, pair, A center, and direct energy gap (insert). The local 
mode can be detected on the higher-energy shoulder of the NN,-LO 
transition. 
characteristic of the NNI nearest-neighbor pair transition; 
two N atoms located on neighboring column V lattice 
sites.13 The only clearly resolvable higher-energy transi- 
tions emanating from this sample are the NN3 pair (5494 
A), the A-center transitions (5373 A), and the direct en- 
ergy gap at -2.9 eV. Emission from the A line is generally 
not observed in GaP containing N in excess of 1 x lOI 
cmm3 (Ref. 13). 
The NN, transition typically dominates the emission 
spectra since it is the lowest-energy level attributed to the 
electronic coupling of N atoms in Gap. The intensity ratios 
of the NN, and NN3 pair transitions to the A-center tran- 
sition for this sample are 845 and 205, respectively. A good 
estimation of number of electrons in the energy shells can 
be assessed from the relative intensities of the individual 
transitions in the absorption spectra, relative to the inten- 
sity of the A line.13 Since the transition rate from a given 
level is directly proportional to its absorption rate, the PL 
spectra could in theory also be used to estimate the popu- 
lation density of each of the levels, but only if the energy 
levels are completely saturated. We observed the intensity 
ratios for both NN1 and NN3 transitions to the A-center 
transition decreasing with increasing excitation power, 
which indicates that the transitions are not saturated. Es- 
timates of the population densities are, therefore, not pos- 
sible using the PL emission spectra. 
The PL spectra of a sample containing -2X lo*’ 
- 3 atomic N is displayed in Fig. 2. This sample layer 
i:s grown with an injector temperature of 800 “C and NH3 
flow rate of 3 seem; The measured atomic N density in this 
sample exceeds the standard by a factor of - 10, and there- 
fore, matrix effects may alter the accuracy of the SIMS 
measurement; however, the error in the atomic density is 
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FIG. 2. The 77-K photoluminescence spectrum for a GaP sample with 
-2X10zo cm.-3 mtrogen. The incident UV power density is 150 mW/ 
cm’, and the entrance and exit slits are 50 pm. The dominant emission 
line at 5846 %, is suspected to be from that of a local mode. The peak 
intensity of this local mode is 25 times greater than the peak intensity of 
NN, pair transition from the sample with 2~ 10” cm ’ nitrogen. 
still believed to be within a factor of 2. The emission energy 
would also appear to corroborate the SIMS data; yellow 
emission is only observed in GaP containing N > 1 x lo*’ 
cmw3 (Ref. 9). Consistent with the high N concentration 
is the fact that emission energies above the NN1 pair tran- 
sition are not observed from this sample. In addition, the 
NNI pair transition is not the dominant lower-energy tran- 
sition. The most intense emission occurs at 5846 A (2.121 
eV>, which is an energy that is close to that ascribed to a 
local mode outside the phonon band.13,14 A very strong 
unidentified phonon replica, having nearly identical en- 
ergy, was also observed in the emission spectra of GaP 
with N > 1 X lo*’ cm - 3 by Nicklin et al. I5 It is possible 
that this emission corresponds to the same local mode. The 
intensity of the local mode shown in Fig. 2 has grown by a 
factor of 50 over that of the sample displayed in Fig. 1, 
while for the NN, pair the relative increase is only a factor 
of - 19. The ratio of the NNI pair emission intensities 
from the two samples of Figs. 1 and 2 is approximately the 
ratio of their N concentrations, in reasonable compliance 
with expectations. The nonlinear increase in the local mode 
emission intensity was also expected since it is a nonlinear 
function of pair concentration, I6 but the relative increase in 
the emission intensity of the lattice phonon replicas below 
the NN1 line is more pronounced than was anticipated. 
Bulk lattice phonon density is in general linearly dependent 
upon the pair concentration. The reason for this apparent 
enhancement in the scattering rate is not understood at this 
time and its determination is beyond the immediate scope 
of this work. 
In conclusions, we have shown that it is possible to 
incorporate isoelectronic N traps in GaP with MBE using 
PH, and NH3 sources. Photoluminescence characteristic of 
the NNl pair transition (yellow-green), and yellow emis- 
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sion typically observed only with VP&grown Gap, was 
achieved. The maximum N concentration was found to 
exceed that which can be produced through the LPE pro- 
cess, and equals that of the VPE processes. Significantly 
higher N concentrations are believed possible with this 
growth technique. 
We gratefully acknowledge S. L. Jackson and G. E. 
Stillman for technical assistance, and N. Holonyak, Jr. and 
Y. C. Chang for helpful technical discussions. This work 
was supported by the National Science Foundation grant 
(NSF ECD89-43166), the Joint Services Electronics Pro- 
gram (NO01490-J-1270), and the AT&T affiliates pro- 
gram. 
‘N. Holonyak, Jr. and S. F. Bevacqua, Appl. Phys. Lett. 1, 82 (1962). 
‘D. G. Thomas, J. J. Hopfield, and C. J. Frosch, Phys. Rev. Lett. 15, 857 
(1965). 
‘N. Holonyak, Jr., D. R. Scifres, R. D. Bumham, M. G. Craford, and D. 
C. Keune, Appl. Phys. Lett. 19, 256 ( 1971). 
9M. G. Craford and W. 0. Groves, Proc. IEEE 61, 862 (1973). 
“J. N. Baillargeon, K. Y. Cheng, K. C. Hsieh, and G. E. Stillman, J. 
Appl. Phys. 50, 666 (1990). 
“J. N. Baillargeon, K. Y. Cheng, S. L. Jackson, and G. E. Stillman, J. 
Appl. Phys. (to be published). 
“D. J. Chadi, J. Vat. Sci. Technol. A 5, 834 (1987). 
13D. G. Thomas and J. J. Hopfield, Phys. Rev. 150, 690 (1966). 
14R. A. Falkner and P. J. Dean, J. Lumin 12, 552 (1970). 
“R. Nicklin, C. D. Mobsby, G. Lidgand, and P. B. Hart, J. Phys. C 4, 
L344 (1971). 
3E. E. Lobner, Proc. IEEE 61, 837 (1973). 16Y. C. Chang (personal communication). 
4R. A. Logan, H. G. White, and W. Wiegman, Appl. Phys. Lett. 13, 139 
(1968). 
5R. Chin, N. Holonyak, Jr., R. M. Kolbas, 3. A. Rossi, D. L. Keune, and 
W. 0. Groves, J. Appl. Phys. 49, 2551 (1978). 
6W. 0. Groves, A. H. Herzog, and M. G. Craford, Appl. Phys. Lett. 19, 
184 (1971). 
‘M. G. Craford and N. J. Holonyak, Jr., Optical Properties of Solids: 
New Developments (North Holland, Amsterdam, 1976), and references 
therein. 
1843 J. Appl. Phys., Vol. 70, No. 3, 1 August 1991 J. N. Baillargeon and K. Y. Cheng 1843 
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
